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ABSTRACT: Polyacrylonitrile nanofibers (PANnf’s) were electrospun directly onto an indium tin oxide (ITO)-coated glass substrate.
The PANNf/ITO electrode was partially hydrolyzed with an NaOH aqueous solution at ambient temperature to convert the nitrile
groups of the PANnf’s into carboxyl groups was confirmed by Fourier transform infrared spectroscopy. Furthermore, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide—N-hydroxy succinimide chemistry was used to activate the —COOH groups of PANnf’s for the
covalent co-immobilization of monoclonal antibodies against Vibrio cholerae and bovine serum albumin for V. cholerae toxin detec-
tion. Structural, functional, and electrochemical studies of the PANnf/ITO electrode and BSA/Ab/PANNf/ITO immunoelectrode were
performed, and found a uniform distribution of nanofibers with diameter of 325 % 7.7% nm. The electrochemical response studies
showed an improved sensing performance of the immunoelectrode with a detection of 6.25-500 ng/mL, a low limit of detection

of 0.22 ng/mL, a sensitivity of 90 nA ng”' mL cm*
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, an association constant of 45.2ng/mL, and a dissociation constant of 8 ng/mL.
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INTRODUCTION

Recently, polymer nanofibers (one-dimensional materials) have
emerged as promising candidates because of their high surface
area, excellent mechanical properties, and porosity. These
unique properties of nanofibers ensure their potential applica-
tions in the fields of biomedical applications, water purification,
catalysis, protective clothing, reinforcement, nanobioelectronics,
and optical devices."™® Polymer nanofibers can be produced by
vapor growth, templates, drawing, self-assembly, and spinning
methods such as melt spinning and wet spinning.” However,
the electrospinning technique has been widely explored as a
simple and easy way to prepare continuous fibers with large
surface-to-volume ratios and its flexibility in controlling the
fiber diameter from the micrometer to the nanometer scale
under mild conditions.'” The electrospinning technique works
on the principle of electrostatic forces between the anode and
cathode terminals. The morphology of the electrospun nano-
fiber can be controlled by the applied voltage, polymer molecu-
lar weight, experimental design, viscosity, conductivity, and
concentration of the solution.'"'? Polymer nanofibers synthesis

and morphology also depend on the tip-to-collector distance,
collector speed, flow rate, and surface tension of the feed solu-
tion. Increases in the distance and collector speed causes an
increase in the polymer stretching and results in thinner fibers.
An increase in the flow rate reduces the stretching and also
causes bead formation in the nanofibers.'>'* Electrospinning
techniques provide randomly oriented nanofiber mats and uni-
form, highly oriented fibers and require a minimum polymer
concentration for the formation of continuous fibers rather
than droplets. In the past several decades, a variety of polymers,
such as engineering plastics, biopolymers, conducting polymers,
and polymer blends, has been successfully electrospun into
nanofibers from an electrically charged jet of polymer
solution.'>'®

Among the various studied polymers, polyacrylonitrile nanofib-
ers (PANnf’s) have received significant attention because of
their unique features, including their higher carbon yield, excel-
lent solubility, higher mechanical properties, and higher
thermal stability.'” Polyacrylonitrile (PAN) polymer is soluble
in aprotic solvents, such as dimethylformamide (DMEF),
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dimethylacetamide, and dimethyl sulfoxide, but completely solu-
ble in DMF at a high concentration.'® In a previous article,"’
we reported that the effect of concentrations ranging from 7.5
to 12% w/w on the synthesis of PAN copolymer. Nanofibers
synthesized with electrospinning are low cost, continuous, and
easy to align and assemble, and they are used in many applica-
tions, such as wound dressings, filtration, drug delivery, rein-
forcement, catalysis, electronic and optical devices, and
biomedical and pharmaceutical applications."*?° The nitrile
group on PANNf’s can easily be modified into a carboxyl group;
this enhances the interaction between biomolecules and nano-
fibers. Zhang et al.*' have reported a study of the poly(acryloni-
trile-co-methyl methacrylate) plasticized with LiBF; as a gel
polymer electrolyte for Li-ion cells. They used B-galactosidase
on amino-functionalized electrospun poly(acrylonitrile-co-meth-
yl methacrylate) nanofibers with glutaraldehyde'; the polymer
showed better resistance to higher temperature (65°C) and
higher pH (11.0) and improved stability compared to one with
a free form of the enzyme and retained the enzyme activity
(64%).>** The network of these nanofibers could be used
directly as an electrode after stabilization;** these nanofibers
had the advantage of a high reproducibility, low noise, and high
reliability for biosensor applications. Recently, Babakhanian
et al® have reported the electrospinning of a Lake Red C
(LRC) pigment doped PAN based electrochemical sensor for
aflatoxin B1 detection. With this in mind, we report the fabrica-
tion of PANnf’s and the development of an immunosensor.

Vibrio cholerae is a comma-shaped gram-negative pathogenic
bacterium, which causes diarrheal infection in human beings.
During infections, it secretes the cholera toxin, and this leads to
a high mortality.”® Thus, the detection of this V. cholerae toxin
B is important; it requires a rapid, sensitive, and effective ana-
Iytical tool such as an immunosensor. During last few years,
immunosensors based on different nanostructured materials for
the detection of V(T have been reported.””> Table SI in the
Supporting Information shows the biosensing response of these
electrodes. Arshak et al.’* have reported a polyaniline grafted on
a lignin-based sensing platform for the detection of foodborne
pathogens, including Salmonella species, Bacillus cereus, and
Vibrio parahaemolyticus without antibodies (Abs) and moni-
tored changes in the resistance after the interaction of bacteria
with the sensor. This sensor had limitations of specificity and
sensitivity.

The aim of this study was to develop a novel architecture for
the development of a PANnf-based electrochemical immunosen-
sor for the detection of V. cholerae, with the objectives of a high
sensitivity, selectivity, low cost, and easy miniaturization. Here,
we had electrospun PANnf’s directly deposited onto an indium
tin oxide (ITO)-coated glass substrate to fabricate an electro-
chemical immunosensor. The nitrile groups of the PANnf’s
were converted into carboxyl groups and used for the covalent
immobilization of monoclonal Abs specific to V. cholerae, and
the detection of V(T was carried out with the Differential Pulse
Voltammetry (DPV) technique. To the best of our knowledge,
this is the first report on a PANnf-based immunosensor for
pathogen (V. cholerae) detection.
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EXPERIMENTAL

For the fabrication of nanofibers, we used PAN (94%)-methyl
methacrylate (6%) as a source material (R. K. Industries, United
Kingdom). DME, with a purity of 99%, and phosphate-buffer
(PB; pH7.0) were procured from Thermo Fisher Scientific Pvt.,
Ltd. (India). The ITO-coated glass substrate, with a thickness of
1.1 mm, a sheet resistance of 25 /square, and a transmittance
of 90%, was imported from Balzers (United Kingdom, Baltra-
com 247 ITO). Biomolecules as monoclonal Abs specific to V.
cholerae, V. cholerae toxin B (V(T) as an antigen, and bovine
serum albumin (BSA) were purchased from M/s Genetix Bio-
tech Asia. All of the chemicals used in this experiment were
analytical grade and were used without further purification.

Fabrication of the PANnf’s on the ITO Surface

We have fabricated PANnf/ITO electrodes through the electro-
spinning of PANnf’s directly on the ITO substrate as a collector.
The PAN microfibers were chopped and dispersed in DMF at a
concentration of 10 wt % with ultrasonication for 2h. The
well-dispersed solution of PAN microfibers was stirred with a
magnetic stirrer for 10-12h to obtain a transparent homoge-
neous solution.”> The homogeneous solution of PAN microfib-
ers was then electrospun into the PANnf’s onto the ITO
substrate (0.5X 0.5cm) at a voltage of 15kV and a flow rate of
0.2mL/h. The tip-to-collector distance was kept at 20 cm, and
the collector speed as 2000 = 50 rpm. The electrospinning was
performed at room temperature (25°C) and a humidity of
30%. Before the electrospinning processes, the ITO electrodes
were ultrasonically cleaned in a solution containing H,O,,
NH,OH, and H,O at a ratio of 1:1:5; this was followed by two
washings with deionized water. All of the electrodes were fabri-
cated at room temperature (25°C).

Functionalization of the PANnf/ITO Electrode

For the functionalization, the PANnf/ITO electrode was partially
hydrolyzed with a 2 M NaOH solution for 1h at 40 °C. The partial
hybridization of PANNf/ITO generated functional carboxyl
(COO) groups on the electrode surface with some of the amine
(NH,) groups. During this process, the nitrile (—CN) groups on
the surface of the PANnf’s were partially converted into carboxyl
and amine groups"*® (Scheme 1). Afterward, the functionalized
PANNf/ITO electrode was exposed to 10uL of the crosslinking
agents 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
and N-hydroxy succinimide (NHS) at a ratio of 1:1 to activate the
carboxyl groups of PANnf’s. EDC-NHS chemistry was used to
couple the carboxyl groups of the PANnf’s to the amine groups of
Abs, in which EDC (0.4 M) acted as a coupling agent and NHS
(0.1 M) acted as an activator.>”

Immobilization of Abs and BSA onto the

PANNf/ITO Electrodes

To immobilize the Abs onto the carboxyl-functionalized group
of the PANnf electrode, we were prepared a fresh two-stock
solution with a concentration of 0.01 mg/mL in phosphate buff-
er (pH7.0, 50mM). Then, 10puL of an Ab stock solution was
loaded onto the carboxyl-functionalized group of the PANnf
electrode surface and kept in a humid chamber for 6h at room
temperature (25°C). The functionalized carboxyl group of the
PANnf’s and the —NH, terminal of an Ab was linked with each
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Scheme 1. Stepwise fabrication of the electrospinning-based BSA/Ab/PANnf/ITO immunoelectrode. DC = direct current.

other by the establishment of C—N bonding (Scheme 1). Fur-
thermore, the carboxyl (COOH) terminal of some Abs was
attached with the partially generated amine (NH,) groups of
the PANnf’s. Afterward, this electrode was washed with phos-
phate buffer (pH7.0, 50mM) to remove the unbounded Abs
from the Ab/PANNf/ITO immunoelectrode surface. Further-
more, 10 pL of BSA (0.01 mg/mL) was loaded onto the electrode
surface and left for 4h to block the unspecific sites present on
the immunoelectrode surface. This fabricated BSA/Ab/PANnf/
ITO immunoelectrode was stored at 4°C when not in use. To
examine the sensitivity of the fabricated immunoelectrode for
V(T, we prepared solutions with different concentrations of
VcT, which varied from 6.25 to 500 ng/mL in phosphate buffer
(50 mM, pH 7.0).

Characterization Techniques

The PANNf/ITO electrode, fabricated with an electrospinning
instrument (ESPIN-NANO), was procured from PECO (Chen-
nai, India). The crystallization characteristics of the PANnf’s
were investigated with an X-ray diffractometer (PANalytical
X’Pert PRO 2200 diffractometer with Cu Ko radiation at
A = 1.5406 A). The surface morphologies of the PANnf/ITO and
Ab/PANNf/ITO immunoelectrode were investigated with scan-
ning electron microscopy (EVO 40, Zeiss). The Fourier trans-
form infrared (FTIR) spectroscopy (Varian 7000 FT) was used
to monitor the modification of the PANnf electrode with
NaOH, Abs, and BSA, respectively. Electrochemical studies were
conducted with an Autolab potentiostat/galvanostat (Eco
Chemie, The Netherlands) with a three-electrode cell working
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electrode, platinum wire as the auxiliary electrode, and Ag/AgCl
as the reference electrode in saline PB (PBS, pH 7.0, 0.9% KCl)
containing 3.3 mM [Fe(CN)s]® /4.

RESULTS AND DISCUSSION

Characterization Studies

Figure 1 shows the X-ray diffraction pattern of the PANnf’s,
which showed a crystalline nature. The diffraction pattern
exhibited major peaks at 26s of 14.1, 16.7, and 25.5°. The
prominent peak appeared at 16.7° and a small peak at 25.5°
was assigned to the PAN, whereas the peak at 14.1°
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Figure 1. X-ray diffraction pattern of the PANnf copolymer.
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Figure 2. Scanning electron microscopy images of the (a) PANnf/ITO and
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corresponded to methyl methacrylate.®?® These results indicate
that nanofibers made up of PAN-methyl methacrylate (with 6%
methyl methacrylate) as a source material without any solvent
impurities.

To investigate the surface morphology of the PANnf/ITO and Ab-
modified Ab/PANNf/ITO immunoelectrode, scanning electron
microscopy analysis was carried out (Figure 2). It is clear from
Figure 2(a) that the nanofibers formed were mostly semi-aligned,
uniform, and randomly distributed on the surface of the ITO;
this created a network of the polymeric chain. The networking of
these nanofibers provided a good accessible platform for the bio-
molecules for a better electrochemical response. The diameter of
nanofibers was found to be 325 = 7.7% nm [inset in Figure 2(a)].
However, after the immobilization of Ab, the PANnf/ITO elec-
trode exhibited dense networking; this indicated that the Abs
were interconnected with the nanofibers (Figure 2b).

Figure 3(a—c) shows the FTIR spectra of the PANnf/ITO elec-
trode, functionalized PANnf/ITO electrode, and Ab/PANnf/ITO
immunoelectrode. The IR spectra of the PANnf’s (curve a)
showed characteristic absorbance peaks at 1730, 2243, and
2934cm” ' the peaks at 1730 and 2243 cm™ ' correspond to
C=0 whereas peak at 2934 cm ™' to C=H stretching. The peak
observed at 2243 cm ™' was assigned to the nitrile groups of the
PAN chain.®® After the functionalization of PANnfs with
NaOH (curve b), all of the absorption peaks observed were
same as in the spectra for PANnf’s (curve a). However, the new
peak at 1580 cm™ ' was assigned to the carboxyl groups (speci-
fied in the inset of Figure 3). The results confirm the conversion
of nitrile groups into carboxyl groups because of the partial
hydrolyzation of PANnf’s, which are more susceptible to the
alkaline conditions.”®*! After the immobilization of Abs on the
functionalized PANnf surface (curve c¢), the broad peaks
observed at 1675and 2951 cm ™' were assigned to C=0 stretch-
ing correspond to primary amides and —CH, aliphatic com-
pounds.*** This confirmed the successful immobilization of
Abs on the PANNf/ITO electrode surface.

The electrochemical characterization of ITO, PANnf/ITO, Ab/
PANnf/ITO, and BSA/Ab/PANnf/ITO was carried out with a
DPV technique in PBS containing [Fe(CN)s]®> " in the
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(b) Ab/PANNf/ITO immunoelectrode. [Color figure can be viewed in the

potential range —0.2 to 0.6V; at a step potential of 5 mV with
a time interval of 0.5 ms [Figure 4(A-a—d)]. We observed that
the magnitude of the final current - initial current (AI) of the
PANNf/ITO electrode (53 pA) decreased compared to that of the
bare ITO (59 pA); this may be due to the lower conductivity of
the nanofibers with respect to ITO. After the immobilization of
Abs onto the PANf/ITO surface, the magnitude of the current
peak further decreased (44 pA); this revealed the slower electron
transfer between the electrode and electrolyte due to Ab immo-
bilization on the PANnf/ITO electrode surface. After the immo-
bilization of macromolecule size BSA onto the Ab/PANnf/ITO
immunoelectrode, further the current decreased to a value of
34 pA. This indicated that due to the insulating nature, BSA
inhibited the flow of electron.

The cyclic voltammetry of the PANnf/ITO and BSA/Ab/PANnf/
ITO immunoelectrode performed as a function of the scan rate
(v), which was varied from 10 to 100 mV/s in PBS containing
[Fe(CN)g]> 74~ [Figure 4(B-a,b)]. It has been observed that the
cathodic peak current (I.) and the anodic peak current (I,)
increased linearly (linear regression constant=0.99) with

[+]
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% Transmittance

T T T T d T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm")

Figure 3. FTIR spectrum of (a) PANnf/ITO, (b) the PANnf/ITO electrode
functionalized with NaOH, and (c) the Ab/PANN{/ITO electrode.
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increasing square root of scan rate (v) for both electrodes [insets
in Figure 4B(a,b)]. This revealed the presence of quasi-reversible
behavior.** The anodic peak potential shifted toward the positive
side and the cathodic peak potential shifted toward the negative
side with increasing v; this indicated the existence of a diffusion-
controlled process.”> The slopes and intercepts were estimated
with egs. (1) and (2):

A mV 2%
La(MA)PANDE/ITO =0.084 pA+0.095 &XV(I“—) 0
S S

with R*=0.99

pA mV

La(RA)BSA/Ab/PANNf/ITO=0.216 nA+0.297 (2)

1
V 2
xV(m—) with R2=0.99
S

With the Randles—Sevcik equation,” the value of the dif-
fusion coefficient (D) was calculated for the diffusion of
[Fe(CN)¢]°>* from an electrolyte solution to the respective
electrode surface:

I,=(2.69X10%) 1 AD:Cv2 (3)

where I, is the anodic peak current, # is the number of elec-
trons involved or the electron stoichiometry(n=1), A is the
surface area of the electrode (0.25cm?), C is the ferro/ferry con-
centration (3.3 mM), and v is 50 mV/s. The D values of the
PANnf/ITO and BSA/Ab/PANnf/ITO immunoelectrode were
found to be 1.66 X 10~ "2 and 1.50 X 10> cm? s~ ', respective-
ly. The higher value of D for the PANnf/ITO electrode may
have been due to the better conductive nature of the electrode
compared to that of the Ab/PANN{/ITO electrode.

The surface concentrations of the ionic species for the PANnf/
ITO and BSA/Ab/PANNf/ITO electrodes in the presence of PBS
with the ferry/ferricyanide redox probe were estimated from the
current versus potential plot with the Brown—Anson model®® as
per eq. (4):

_ n*PT"Av

L=— 4
» ART @)

where F is the Faraday constant (96,485 C/mol), I* is the sur-
face concentration of PANnf/ITO and BSA/Ab/PANnf/ITO
immunoelectrodes (mol/cm?), v is 50 mV/s, R is the gas con-
stant (8.314 J mol ! K1), and T is the room’s temperature
(300 K). The values of the surface concentrations for the
PANNf/ITO, Ab/PANnf/ITO, and BSA/Ab/PANNf/ITO immu-
noelectrodes were estimated to be 1.05 X 10~%, 1.02 X 10~ %, and
1.00 X 10~® mol/cm?, respectively.

The electrochemical surface area (A, was calculated by the
insertion of the value of the diffusion constant into the Ran-
dles—Sevcik equation™®:

wCD: (5)

e

T 2.99%10°

where S is the slope obtained from the linear regression of I,
versus n'?. The A, values of the PANnf/ITO and BSA/Ab/
PANnf/ITO immunoelectrodes were found to be 1.40 and
1.35 mm’, respectively.
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The reversibility of the electron-transfer kinetics did not depend
on v, but it also depended on the standard heterogeneous
electron-transfer rate constant (K.). With the Laviron model*®
[as given in eq. (9)], the estimated values of K, for the PANnf/
ITO and BSA/Ab/PANNf/ITO immunoelectrodes were 0.84 and
0.41 s~ ', respectively. The high value of K, for the PANnf/ITO
electrode indicated a fast electron exchange between the elec-
trode surface and redox species in the electrolyte:

K,=mnFv/RT (6)
where m is the peak-to-peak separation of potentials (V).

Figure 4(C) shows the electrochemical impedance spectra (EIS)
of the ITO substrate [curve 4(a)], PANnf/ITO [curve 4(b)],
Ab/PANNf/ITO [curve 4(d)], and BSA/Ab/PANn{/ITO [Figure
4(d)] immunoelectrodes, which were studied in PBS containing
[Fe(CN)¢]® ™ in the frequency range 0.00-10° Hz at zero
potential. On the basis of the electrochemical impedance spec-
tra, we evaluated the charge-transfer resistance (Rcr) and
double-layer capacitance (C) at the electrode/electrolyte inter-
face. The change in the value of Roy for the different electrode
depended on the electrode/electrolyte interface occurred during
Figure 4(C)
Nyquist plots of the respective electrodes; to investigate the rela-
tive changes in electrodes in terms of the Rcp the constant-
phase element at the electrode/electrolyte interface, and K.*’
Here, the value of Rcr was equal to the diameter of the Nyquist
plot, and this varied with the modification of the PANnf/ITO
electrode with respective biomolecules (Ab and BSA) onto the
surface of the electrode.

the electrochemical measurement. shows the

The Nyquist plot of the impedance for a parallel RC circuit (the
equivalent of a Randles circuit) consists of the real impedance
(Z') and imaginary impedance (Z’) obtained at different fre-
quencies. Rcr and Cy were evaluated from a Nyquist plot with
egs. (7) and (8), as follows:

R
Z(0)=Z'+]Z=R+——"F 7
(@) S R wea) @)

R OR2Cy
Z=Ret P and—z'= bl (g
(1+orecy) ™" (I+oRCE) ®)

where R, and R, = Rcr denote the electrolyte and polarization
resistances, respectively, obtained at zero potential.*®

A significant change in the value of Ry (curve by 5.21 kQ) for
the PANNf/ITO electrode as compared to the bare ITO (curve a;
3.92 kQ) has observed. This revealed that the PANnf/ITO elec-
trode enhanced Rcr of the redox probe toward the electrode
from the electrolyte. In addition, this indicated that the PANnf
had proximity to the ITO surface. After the immobilization of
Abs onto the PANNf surface, the Rot (curve ¢; 5.50 kQ) value
increased. This may have been due to the formation of an insu-
lating layer of Abs on the PANnf/ITO electrode; this resulted in
an inhibition of the flow of electrons generated by redox species
and enhanced the impedance. After the modification of the Ab/
PANnf/ITO immunoelectrode with BSA, the value of Rot (curve

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.44170
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Figure 4. (A) DPV of (a) ITO, (b) PANnf/ITO, (c) Ab/PANnf/ITO, and (d) the BSA/Ab/PANnf/ITO immunoelectrode. (B) Cyclic Voltammetry (CV) of
(a) PANnf/ITO and (b) the BSA/Ab/PANN{/ITO immunoelectrode as a function of v from 10 to 100 mV/s. The inset displays a graph of the current
versus the square root of v. (C) Frequency response analysis (FRA) of (a) ITO, (b) PANnf/ITO, (c) Ab/PANnf/ITO, and (d) the BSA/Ab/PANnf/ITO

immunoelectrode at a zero potential in the frequency range of 0.1-10> Hz.

d; 10.67) increased further; this suggested that BSA covered the
available nonspecific active sites on the Ab/PANnf/ITO immu-
noelectrode because BSA had an insulating nature that caused
steric hindrance for the electrons during the [Fe(CN)4]> 74~
redox reaction.

Other kinetic parameters, such as K, and the time constant (1),
of the BSA/Ab/PANNf/ITO immunoelectrode were evaluated to
investigate the interfacial interactions of the biomolecules at the
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electrode/electrolyte interface. The K, and ¢ values of the
PANNf/ITO electrode were calculated before and after the Ab
immobilization with the following relation:

K= RT 9)

¢ I’IZRCTACFZ
The value of rate constant (K,) of the PANnf/ITO and Ab/
PANnf/ITO immunoelectrode were obtained as 6.23 X 10~ and
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Figure 5. (A) (a) DPV response studies of BSA/Ab/PANnf/ITO immunoelectrode as a function of the antigen concentration (6.25-500 ng/mL), (b) plot
of the response versus the antigen concentration, and (c) Hanes—Wolf plot the antigen concentration versus the antigen concentration/current. (B) Effect
of interferents on the response of the BSA/Ab/PANNf/ITO immunoelectrode. AA = acetic acid; CHOL = cholesterol; GLU, glucose; OA, oxalic acid;

CA, citric acid.

5.90 X 107>, respectively. The lower value corresponded to the
immunoelectrode and indicated a slow electron exchange
between the redox probes and the electrode. However, BSA
immobilized on the Ab/PANNf/ITO immunoelectrode provided
resistance to the electron transfer; this resulted in a decreased
electron-transfer rate constant (3.04 X 107°) and, subsequently,
a low generated capacitance at the electrode surface.

The observed high value of ¢ for the BSA/Ab/PANNf/ITO immu-
noelectrode (0.018 ms) compared to those of the Ab/PANnf/
ITO immunoelectrode (0.013 ms) and PANnf/ITO electrode
(0.012) was due to the slow diffusion of [Fe(CN)g]° 4~ ions at
the electrode/electrolyte interface t was associated with a fre-
quency at which the maximum impedance was obtained (fi,a.),
and Rcr has been calculated with the C, value via eq. (10):
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RCTCdl: 1/(2nfmux) =1

where Rcr is the charge transfer resistance or polarization
resistance.

(10)

Electrochemical Response Studies

The electrochemical response of the BSA/Ab/PANN{/ITO immu-
noelectrode was investigated as a function of the V(T con-
centration (6.25-500ng/mL) with DPV in PBS containing
[Fe(CN)¢]® ™ at zero potential. During the electrochemical
measurements, the BSA/Ab-/PANnf/ITO immunoelectrode was
treated with 10 pL of V(T and incubated for about 5min at
25°C. We found that the magnitude of the current increased
with increasing V¢T concentration. This increase in the magni-
tude of the current revealed the formation of an antigen—Ab
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complex by probing the features of the interfacial properties;
the complex acted as an electron-transfer accelerating layer for
redox species on the immunoelectrode surface.*” Moreover, this
might have been due to the fact that when V(T interacted with
the Ab/PANnf/ITO immunoelectrode, the resulting surface
charge of the immunoelectrode became quite different from
that of the individual Ab or V(T. This change in the surface
energy was related to the electrochemical response.”® This BSA/
Ab/PANNf/ITO immunosensor displayed a linear response to
V(T in the concentration range 6.25-500 ng/mL with the follow-

1 2

ing linear equation and a sensitivity of 67 nA ng = mL cm™

and a low limit of detection (LOD) of 0.31 ng/mL:

AI (pA) = 0.0167 X Concentration (ng/mL) + 37.65

A more linear (correlation coefficient = 0.98) increase in cur-
rents corresponding to the V(T concentration was observed
within the range 12.5-200 ng/mL; this gave a sensitivity of 90
nA ng~' mL cm™?, an LOD of 0.22 ng/mL, and the linear equa-
tion [inset of Figure 5A(a, b)]:

AI(pA) = 0.0226 X Concentration (ng/mL) + 37.59

It is found that the BSA/Ab/PANNnf/ITO immunosensor showed a
wide detection range compared to previous values reported in liter-
ature. A comparison of this study with previously reported works
is presented in Table S1 (Supporting Information). Furthermore,
the values of the association constant (K,) and disassociation con-
stant (K;) for the BSA/Ab/PANNf/ITO immunoelectrode were esti-
mated with the Hanes—Wolf plot [graph between the antigen
concentration and the antigen concentration divided by the cur-
rent,”>? Figure 5A(c)]. The inverse value of the slope observed by
the linear fitting of the Hanes—Wolf plot gave a value of K, of
45.2 ng/mL, whereas the product of the K, and intercept gave a val-
ue of K; of 8 ng/mL. The small value of K, indicated an increased
affinity in the immobilized Abs of the BSA/Ab/PANNf/ITO immu-
noelectrode toward the antigen.

Repeatability and Reproducibility

The repeatability of the BSA/Ab/PANnf/ITO immunosensor was
investigated by the measurement of the DPV responses for a spe-
cific concentration (100 ng/mL) of V(T. For successive measure-
ments (six times), the value of the relative standard deviation was
observed to be 2.12%. To investigate the reproducibility of the
immunosensor, six BSA/Ab/PANn{/ITO immunoelectrodes were
fabricated, and their DPV response was observed independently.
The estimated value of the relative standard deviation with an
acceptable variation coefficient of 3.48% was observed. The
results of the repeatability and reproducibility experiments per-
formed on BSA/Ab/PANnf/ITO immunoelectrode were satis-
factory (Supporting Information, Figure S1). The successful
immobilization of Abs implied the repeatability and reproducibil-
ity of the immunosensor.

The relative standard deviation was calculated with the follow-
ing equation:

Relative standard deviation (%)

= (Standard deviation/Average) X 100

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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Selectivity

The selectivity of the BSA/Ab/PANNf/ITO immunosensor was
studied in the presence of different analytes, including uric acid
(0.5mM), urea (0.8mM), oxalic acid (1mM), acetic acid
(0.1 mM), glucose (4 mM), and cholesterol [4 mM; Figure 5(b)].
During the measurements, we mixed the same volume (10 puL) of
desired interference with a fixed antigen concentration (200 ng/
mL) and observed an electrochemical response after an incuba-
tion time of 5 min. We found that there was no significant change
in the magnitude of the current after the interaction of the BSA/
Ab/PANNf/ITO immunoelectrode with interfering compounds.

CONCLUSIONS

A successful immobilization of Abs (specific to VcT) on the
functionalized surface of a PANnf/ITO electrode via covalent
immobilization was accomplished. The as-fabricated BSA/Ab/
PANnf/ITO immunoelectrode gained improved detection of
VT in the detection ranges 6.25-500 ng/mL, with an LOD of
0.22ng/mL and a sensitivity of 90 nA ng~' mL cm > with the
DPV technique. The small value of K, revealed an increase in
the affinity of the immobilized Abs of the BSA/Ab/PANNf/ITO
immunoelectrode toward the antigen. The presence of interfer-
ents, such as glucose, uric acid, urea, oxalic acid, acetic acid,
cholesterol, and ascorbic acid, did not significantly affect the
specificity of the immunoelectrode toward V(T detection. We
expected that the as-fabricated PANnf-based immunosensor
may find applications in the field of biomedical science.
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